There are two loci for resistance to the antibiotic kasugamycin (Ksg) in Escherichia coli. Mutations at ksgA resulted in 30S ribosomal subunit resistance to Ksg. The map location of ksgA was near minute 0.5: ksgA was 95% cotransducible with pdxA, and the apparent gene order was thr ... ksgA . .. pdxA. Studies in stable ksgA/ksgA+ merodiploids showed that sensitivity was dominant over resistance. Mutations at a second gene (ksgB), located between minutes 25 and 39, resulted in phenotypic KsgR indistinguishable from ksgA mutations, but ribosomes from ksgB strains were sensitive to the drug in vitro.
There are two loci for resistance to the antibiotic kasugamycin (Ksg) in Escherichia coli. Mutations at ksgA resulted in 30S ribosomal subunit resistance to Ksg. The map location of ksgA was near minute 0.5: ksgA was 95% cotransducible with pdxA, and the apparent gene order was thr ... ksgA . .. pdxA. Studies in stable ksgA/ksgA+ merodiploids showed that sensitivity was dominant over resistance. Mutations at a second gene (ksgB), located between minutes 25 and 39, resulted in phenotypic KsgR indistinguishable from ksgA mutations, but ribosomes from ksgB strains were sensitive to the drug in vitro.
Spontaneous and induced mutations to Ksg' were usually of the ksgA (ribosomal) type.
Mutations which affect the structure of bacterial ribosomes are of interest because they provide a convenient tool for studying the relationship between ribosomal structure and function. We have been interested in mutations to resistance to the aminoglycoside antibiotic kasugamycin (Ksg), because 30S subunits from Ksg-resistant (Ksg') strains are resistant to Ksg in vitro (11) , and because the locus for ribosomal Ksg R was shown earlier to be quite distant from the cluster of genes which affect 30S and 50S ribosome structure (11) . This suggested that Ksg might act on a different structural part of the 30S ribosome than does streptomycin or spectinomycin, which are thought to interact with specific (and different) 30S ribosomal proteins (4, 10) . This inference was confirmed by the recent report of Helser et al., that 16S ribonucleic acid (RNA) and not ribosomal protein determined the response of reconstituted 30S subunits to Ksg (6) . The same authors subsequently found that 16S RNA from KsgR 30S subunits was undermethylated, and that this was the consequence of lack in KsgR strains of an adenine dimethylase which was present in Ksgs strains (7) . We have recently confirmed essentially all of these findings (Zimmermann, Ikeya, and Sparling, in press ).
In this communication we report studies which more precisely localize the gene (ksgA) for 30S ribosomal resistence to Ksg. In addition, we have found a second locus for KsgR (ksgB) , which although phenotypically indistinguishable from ksgA, does not result in ribosomes which are KsgR in vitro.
MATERIALS AND METHODS Media and growth. Minimal medium A was that of Davis and Mingioli (3) . Amino acids and purines were added to 50 1tg/ml, and carbohydrates to 0.2%. L broth for conjugation experiments was described by Lennox (9) . When quantitative antibiotic sensitivities were to be tested, L medium containing 1.5% agar but without added NaCl (L-S agar) was used at pH 7.2. The inhibitory activity of Ksg was antagonized by addition of salts or by decrease in pH. Maximal activity of Ksg was achieved at pH 8.0, but routine adjustment of the pH to 8.0 was not necessary for reproducible results. Sensitivity determinations were performed by inoculating 104 to 106 colony-forming units onto L-S agar plates containing doubling dilutions of antibiotic. The MIC (minimum inhibitory concentration) was the least concentration of drug preventing visible growth at 24 hr of incubation. All incubations were at 37 C.
Bacterial strains. The parent Escherichia coli K-12 strains and the most important derivatives used in these studies are shown in Tables 1 and 2. Mutagenesis with N-methyl-N-nitrosoguanidine (1) was performed to a survival of 15 to 25% of exposed cells. Transductions were performed with phage Plkc (9) . Conjugations employed a density of 2.5 x 107 to 5 .0 x 107 Hfr and 2 x 108 F-bacteria per ml in a total volume of 10 ml in 125-ml flasks, with gentle rotation at 37 C in a gyratory shaker. Matings were interrupted by vigorous agitation for 60 sec with a Vortex mixer before dilution and plating. All recombinants or transductants were purified once on selective plates before their phenotypes were scored by replicaplating or (13) .
Preparation of cell extracts and assay for in vitro polypeptide synthesis. Methods described previously (12) were used without important modification. Sensitivity of ribosomes to Ksg was determined by measuring inhibition of Ksg of '4C-valine incorporation directed by polyuridylic-guanylic (1:1) acid or MS 2-RNA. This was determined both with crude S-30 extracts, and with once-purified 70S ribosomes and S-100 fraction from either a KsgR or KsgR strain.
Chemicals. MS2-RNA was prepared as described by Gesteland and Boedtker (5) . Kasugamycin was a (11), KsgR is linked to leu, near minute 1.0 on the chromosome. In every mating but one, the phenotypic level of resistance acquired by the recipient was equal to that of the donor.
When the highly resistant donor FS157 was mated with sensitive recipient JC411, however, recombinants exhibited not only the Ksg phenotype of each parent, but also a new, intermediate type (Table 3) . In this mating, 53% of recombinants selected for the donor Leu+ character became KsgR, but all were low-level KsgR (500 pg/ml). When the more distal donor marker His+ was selected (His+ PurC+ recombinants), three classes of Ksg phenotype resulted: sensitive, low-level resistance (500 pg/ml), and high-level-resistance equal to that of the donor (8,000 1g/ml). This suggested that FS157 was a double mutant, with one locus for KsgR near leu, and a second somewhere between leu and his. This unusually high level of resistance (KsgR > 8,000)a F-JC411 (Ksgs)a exhibited by FS157 might thus be explained as the sum of two independent mutations, and the rarity of such high-level KsgR mutants would be explained by the necessity for two mutations.
The presence of two ksg loci was confirmed in several ways. Several KsgR His+ PurC+ recombinants were retained from the mating FS157 x JC411. Some (FS215, FS173) were low-level KsgR (500 pg/ml), whereas another (FS174) was highly KsgR (>8,000 pAg/ml); all were leu-and str. These were used as recipients in brief interrupted matings with Ksgs strain X408, which donates leu+ as an early marker and str+ as a late marker (see Fig. 1 transductants were reproducibly slightly lower (two-to fourfold) than in the donor strains, or in recombinants of conjugation experiments. The reasons for this are uncertain (Table 5) . A more striking example of disparities in levels of resistance among donor and transductant was provided by the experiment shown in Table 4 . Donor Plkc was prepared on the high-level KsgR (>8,000 ug/ml) strain FS157, but transductants of AT2365 selected for Thr+, Pdx+, or Leu+ and scored for KsgR were all resistant to a maximum of 500 ,ug of Ksg per ml. This apparent conflict was resolved when it was learned that FS157 was a double mutant (ksgA23 ksgBl), and that only ksgA23 was cotransducible with leu or other nearby markers.
SPARLING, IKEYA, AND ELLIOT
Although ksgA is very close to pdxA, frequencies of cotransduction similar to those shown in Table 4 were not observed with all ksgA alleles. The most important exception was ksgA30, which was isolated as a spontaneous mutant in strain FS240. Transduction by Plkc from FS240 into AT2365, JC411, a str+ derivative of JC411, and a leu-derivative of Q13 revealed in each instance that only 1 to 5% of Leu+ transductants acquired the donor KsgR character, as opposed to the usual 30 to 40%. There also was less than 1% cotransduction of ksgA30 with thr+, and 67% with pdxA+, as opposed to the usual 4 to 10% and 92 to 98%, respectively (Table 6 ). Moreover, the number of Pdx+ transductants was reduced by a factor of five or more relative to the Thr+ and Leu+ transductants, and those Thr+, Pdx+, and Leu+ transductants which were also KsgR grew very slowly, appearing as small colonies only after 3 or more days of incubation. This appears to be an example of positive interference due to restriction of growth (and viability) secondary to introduction of the ksgA30 allele, or another undetected mutation near ksgA30.
Dominance of ksgA+. A leu-2 ksgA26/F leu+ksgA+ merodiploid (FS226) was constructed by mating recAl leu-2 ksgA26 strFstrain FS223 with str+ Hfr strain X408 which donated ksgA+ leu+ as very early markers. "Recombinants" selected for the phenotype Leu+ StrR were scored for sensitivity to Ksg and for stability of the Leu+ and Ksg phenotypes. All "recombinants" were fully KsgS (MIC of FS226 and FS223 was 60 ,ug of Ksg per ml) and segregated KsgR clones with a frequency of 5 x 10-4. Over 90% of KsgR segregants were also Leu-. Additional proof of merodiploidy and of the dominance of ksgA+ was provided by growing the Leu+ Ksg' merodiploids in L broth plus 10 ,g of acridine orange per ml (8) , after which Chromosomal location of ksgB. Strain FS173 (ksgBl leu str) was used as a recipient in matings with several ksgB+ leu+ str+ Hfr strains, including X408, Hfr C, B7, and a spontaneous leu+ derivative of AB311 (Fig. 1) . Matings were for 30 min, and selection was for Leu+ StrR. Only in matings with AB311 did the donor ksgB+ marker appear in the recombinants, which localized ksgBl between the origins of AB311 and B7, or roughly between his (minute 39) and trp (minute 25).
A ksgBl leu+ purE+ trp+ his+ Hfr strain (FS227) was constructed by using donor Plkc grown on FS173, with direct selection for rare KsgR transductants of X408. Conjugation of FS227 with ksgB+ recipient FS224 (leu-purEtrp-his-) confirmed the location of ksgBl between trp and his as shown in Table 7 . More exact localization of ksgB has not been accomplished.
Mechanisms of resistance to Ksg. Cellfree protein synthesis with ribosomes from FS215 (ksgA), FS173 (ksgB), and FS174 (ksgA ksgB) showed that only ksgA ribosomes were resistant to Ksg in vitro (Fig. 2) . Crude S-30 preparations of FS173 were also fully sensitive to Ksg in vitro, with MS2-RNA used as messenger. Thus, the ksgB gene product does not appear to affect the structure of the ribosome. The biochemical mechanism of KsgR in ksgB strains is not known. No cross-resistance was detected to a variety of other antibiotics, including many other aminoglycosides. Kasugamycin was not inactivated by intact cells or cell extracts of ksgB strains. It is possible that the ksgB mutation results in altered cell envelope permeability to Ksg, but this could not be tested because of unavailability of labeled Ksg. DISCUSSION Helser, Davies, and Dahlberg (6, 7) have shown that the ksgA mutation results in failure to dimethylate adjacent adenine residues at the 3' end of 16S RNA, which causes resistance to the antibiotic kasugamycin. We have confirmed their findings by showing that the response to Ksg of 30S subunits reconstituted from 16S RNA and total 30S proteins from strains JC411 and FS232, or Q13 and FS240, was determined solely by the source of the 16S RNA. Likewise, we have also shown that ksgA strains lack a methylase which is present in ksgA+ strains, and that the methylase in ksgA+ strains will utilize 23S core particles from a ksgA but not from a ksgA + ribosomes exhibit increased levels of misreading in vitro compared to ramB+ ksgA+ ribosomes (Ikeya and Sparling, manuscript in preparation).
It is possible, therefore, that ksgA and ramB have different effects on ribosomal physiology and that introduction of ksgA unopposed by ramB (Table 6 , donor FS240 is ksgA30 ramB+) would give results quite unlike those seen when ksgA is introduced with the closely linked ramB locus (Table 4 , donor FS157 is ksgA23 ramB2). This explanation will remain tentative until isogenic ksgA30 ramB+ and ksgA30 ramB2 donors can be constructed, which has not yet been possible due to the necessity of scoring for ramB by the cumbersome methods of column chromatography. Further studies are in progress to clarify the effects on cellular physiology of undermethylation of 16S RNA due to ksgA, and alteration of 30S protein S4 due to ramB.
Another problem was the unexplained difficulty in direct selection of KsgR recombinants. This may be due to a combination of factors, especially the relatively poor inhibitory activity of kasugamycin for "sensitive" strains, and perhaps also slow growth of certain ksgA recombinants. Thus, during the several hours allowed for phenotypic expression of ribosomal resistance to Ksg, rapid growth of the numerically dominant Ksgs population occurs and selection of plates containing concentrations of Ksg which allow growth of KsgR recombinants no longer provides clean selection against the KsgS parent.
The mechanism of KsgR in ksgB strains is
